In addition to an excreted phosphatase, Lysobacter enzymogenes produces a distinctly different alkaline phosphatase which remains associated with the cells. It is the only major phosphatase contained in the cells. Little enzyme activity is found in whole cells using the standard assay with p-nitrophenyl phosphate as the substrate, but maximum activity can be obtained after toluene or detergent treatment, or mechanical disruption of the cells. The phosphatase is not released from the cells by osmotic shock, or by treatment with MgC12 or high LiCl concentrations. It is associated with the particulate fraction in cell-free extracts and detergents solubilize the enzyme from intact and broken cells. Separation of the inner and outer membranes of the cells by sucrose gradient centrifugation showed that most, if not all, of this phosphatase is located in the outer membrane.
R . G . V O N T I G E R S T R O M A N D S . S T E L M A S C H U K M E T H O D S
Orgunisnr untl culture conditions. Ljsohuctctr enzymugenes U ASM 495 (ATCC 2987) was obtained from Dr F. D. Cook, University of Alberta, Canada. It was maintained by freeze-drying and by subculturing at 25 "C on 0.2% (w/v) tryptone, 1 7; (w/v) skim milk, 1.7% (w/v) agar and storage at 4 "C. Liquid cultures were grown in 043% (w/v) tryptone as previously described (von Tigerstrom, 1983) . They were harvested by centrifugation (16300g for 15 min at 4 "C) in the stationary phase of growth if maximum enzyme production was desired, or in the late exponintial phase.
Enzynie a.s.suys and preparation yf'cell e.utruct. The phosphatase assays, the treatment of whole cells with toluene or detergent (von Tigerstrom, 1984) and the preparation of the cell-free extract (von Tigerstrom, 1980) have been described. The enzyme preparation was diluted with 10 mM-Tris/HCI, 50 mM-NaCI, 1.5 mM-MgCI,, pH 7.4 for routine assays. NADH oxidase was assayed as described by Osborn et ul. (1972) and glucosed-phosphate dehydrogenase (G-6-PDH) was determined with NAD as the coenzyme according to DeMoss (1955) . One unit (U) of enzyme is the amount which catalyses the formation of one pmol product min-' .
Preparution cfshockfluids and spheroplusts. For these procedures the cells were harvested before the stationary phase, usually at OD,,,,, = 2. The cold osmotic shock procedure was essentially that of Neu & Heppel(l965) with some modifications (von Tigerstrom, 1983) . In addition, intact cells were treated with MgClz solutions (Cheng et al., 1970~) . The cells were harvested and washed by resuspension in 10 mM-Tris/HCl, 50 mM-NaC1, 1.5 mMMgCl,, pH 7.4. They were suspended to the original culture volume in 10 mM-Tris/HCl, 0.2 M-MgCl,, pH 8.4 and incubated at 22 "C for 15 rnin with shaking at 150 r.p.m. The supernatant obtained after centrifugation at 12000 g for 10 min was termed the 'MgCl, extract'. The cells were suspended in 10 mM-Tris/HCI, 10 mM-MgCl,, pH 8.4, incubated and centrifuged as before to yield the MgCl? shock fluid and the treated cells. The MgCl, extract, the MgCl, shock fluid and the treated cells were assayed for alkaline phosphatase activity. The MgCl, extract and the MgCl, shock fluid were also dialysed at 0 "C against 10 mM-Tris/HCl; the retentate was concentrated 50-fold by freeze-drying, dialysed again and used for 2-keto-3-deoxyoctanoate (KDO) determinations and SDS-PAGE.
The preparation of spheroplasts was attempted according to the methods of Osborn et al. (1972) and of Cheng rt 01. (1970b) using a 20% (w/v) sucrose or a 0.2 M-MgCl, solution as the stabilizer.
Dzflerential centrifitgation. The cell-free extract was centrifuged at 48000g for 30 rnin and the resultant supernatant was centrifuged at 105000 g for 60 min. The pellets were suspended in 10 mM-Tris/HCl, 50 mM-NaCl, 1.5 mM-MgCl,, pH 7.4. Phosphatase and G-6-PDH activities were determined in the supernatants and in the suspended pellets.
Separution of'cell wall components. The method was based on the procedure of Hancock & Nikaido (1978) . Cells from a 400ml culture with an OD,,, of 2.08 were washed by suspension and centrifugation in 40ml 8mM-Tris/HCl, pH 7.8. They were suspended in 34 ml 10% (w/v) sucrose, 8 mM-Tris/HCl, pH 7.8. DNAase I and RNAase A were each added to 50 pg ml-' and the suspension was passed twice through a French pressure cell (103.4 MPa) at 5 "C. When indicated, lysozyme was added to 0.2 mg ml-' and the homogenate from the pressure cell was incubated at 22 "C for 30 min. Intact cells were removed by centrifugation at 2000g for 15 min. The resultant cell extract was placed (5.5 ml per tube) on a step gradient of 0.5 ml 72% (w/v) sucrose, 8 mM-Tris/HCl, pH 7.8 and 5.5 ml 15% (w/v) sucrose, 8 mM-Tris/HCl, pH 7-8. The tubes were centrifuged in a Beckman SW 40Ti rotor at 35000 r.p.m. for 90 rnin at 2 "C. The bottom 1-6 ml from each tube was removed and diluted with 0.4 ml 8 mM-Tris/HCI, pH 7.8. Approximately 1-6-14 ml of this preparation was placed on a sucrose gradient consisting of 1 ml 72% (w/v) sucrose, 8 mM-Tris/HCl, pH 7.8, and 1.9 ml each of 60%, 55%, SO%, 45% and 40% (w/v) sucrose, 8 rnM-Tris/HCl, pH 7.8. The gradients were stored at 4 "C for 24-28 h before use to give a linear sucrose gradient above the 72% (w/v) sucrose cushion; the subsequent centrifugation was at 30000 r.p.m. in a SW 40Ti rotor at 2 "C for 19 h. The gradient fractions were analysed for NADH oxidase and alkaline phosphatase activities, and the measured. The contents of several tubes were pooled for further analysis as indicated below.
PAGE. This was done in 1.5 x 140 x 160 mm slabs of 10% acrylamide gel containing 0.1 % SDS (Maizel, 1971) . The samples were treated with 1 % SDS, 0-1 "/, 2-mercaptoethanol and heated for 10 min in a boiling water bath. To retain phosphatase activity, 2-mercaptoethanol and the heat treatment were omitted. The gels were treated with Coomassie blue to stain protein (Fairbanks et al., 197 1). The molecular mass markers used were phosphorylase b (97 kDal), bovine serum albumin (67 kDal), ovalbumin (45 kDal), chymotrypsinogen A (25 kDal) and cytochrome c (12.5 kDal). All protein standards were from Pierce Chemical Co. (Rockford, Ill., USA), except for phosphorylase b which was from Sigma. A solution of 0-5 M-Tris/HCl, 1 mM-MgCl,, 0-1 mM-ZnCl,, 2% (v/v) Triton X-100, 0-125 mg a-naphthyl acid phosphate ml-I, 0.2 mg Fast Blue BB ml-I, pH 8.5, at 22 "C was used to stain for alkaline phosphatase activity in the gels. The activity stains were fixed with 10% (v/v) acetic acid.
Analytical. Protein was assayed by the Lowry method ; KDO and poly-P-hydroxybutyrate were assayed by the methods of Osborn et al. (1972) and Law & Slepecky (1971) respectively. All spectrophotometric measurements were made with a Perkin Elmer Lambda 3 UVlVIS spectrophotometer. Cell-free extract (10 ml) was centrifuged as described in Methods and the different fractions were assayed for phosphatase and G-6-PDH activities. Values for phosphatase are from a representative experiment; 72-78% of this enzyme was routinely recovered in the 48000g pellet. The determination of G-6-PDH was done twice; the results given are representative of these two experiments.
Cell-free extract 48000 g supernatant 48000 g pellet 105000 g supernatant 105000 g pellet 8.53 1.69 6-49 0.9 1 0.65
The excreted phosphatase of L. enzymogenes can be clearly distinguished from the cellassociated enzyme. The phosphatase activity in cell-free extracts is inhibited more than 990/, by 5 mM-EDTA. Since the excreted enzyme is insensitive to EDTA (von Tigerstrom, 1984) it does not contribute to the cell-associated activity. It was also established that the cell-associated enzyme is not excreted to any extent, even during the stationary growth phase of the organism, since the phosphatase activity in the culture supernatant was not inhibited by EDTA.
It was important to determine whether there was more than one cell-associated phosphatase. Several observations indicated that the cells do not contain an acid phosphatase and only contain one major cell-associated phosphatase. The relative activities at different pH values from pH 4 to pH 10 were determined with a crude cell extract and with an 18-fold purified phosphatase preparation, and they were found to be nearly identical, with a maximum activity at pH 8.5. As will be shown below, PAGE of crude cell-free extracts revealed only one band of phosphatase activity. Similarly, ion-exchange chromatography revealed only one peak of activity .
When whole cells were used for the assay, less than 5 % of the total phosphatase was detected.
Complete expression of the activity was obtained by toluene treatment of the cells, by treatment with detergents such as Zwittergent 3-14, Triton X-100 or deoxycholate at 37"C, or by disruption of the cells with the French pressure cell. Detergents, especially Zwittergent 3-14 and deoxycholate, solubilized the enzyme from intact and broken cells, whereas toluene treatment of the cells only provided access of the substrate to the enzyme. Addition of detergents to mechanically disrupted cells did not enhance the activity.
Several experiments were done to learn more about the association of the phosphatase with the cells. In many bacteria, phosphatases are present in the cell envelope. In E. cofi the alkaline phosphatases and a number of other enzymes can be readily released by preparing spheroplasts and by osmotic shock (Neu & Heppel, 1965) . Attempts to prepare spheroplasts of L. enzymogenes were unsuccessful regardless of whether the lysozyme treatment was done with or without EDTA, or with sucrose or MgCl, as the stabilizing agent. A few cells seemed to be converted to spheroplast-like bodies in 20% (w/v) sucrose, 0.5 mg lysozyme ml-l , but only 5 % of the phosphatase was removed from the cells. Cold osmotic shock of L. enzymogenes released only 8% of the phosphatase.
Similarly, a MgCl, treatment of the cells, which causes quantitative release of the phosphatase from Pseudomonas aeruginosa (Cheng et al., 1970a) , did not remove the enzyme from L. enzymogenes. Taking activity in a cell lysate as loo%, some 907; of the total activity remained associated with the cells after MgCI, treatment; less than 1 %was found in the MgClz extract, and only 4.6% in the MgCl, shock fluid. However, some other proteins were specifically released by MgCl, treatment as indicated below although little or no KDO was removed from the cells. High concentrations of LiCl (Pooley et al., 1970 ) also failed to release the phosphatase.
The particulate nature of the phosphatase was clearly shown after differential centrifugation of a cell-free extract (Table I) . As expected, the soluble marker enzyme, G-6-PDH, was not of the inner and outer membranes has been achieved in five separate experiments; the latter three experiments varied only with respect to the sucrose gradient composition which was adjusted to obtain the best separation of the outer membrane and the poly-P-hydroxybutyrate peak. The values obtained varied slightly from one experiment to the next but the general pattern and the relative amounts in each fraction were very similar (see also These values were obtained in the experiment shown in Fig. l(a) . sedimented at 48000 g and only 12% was associated with the 105 000 g pellet. In contrast, 83% of the phosphatase was sedimented, and most of this (76%) was in the 48000 g pellet, which would contain membranes and cell wall fragments. These results indicate that the phosphatase is not free in the periplasm, and that it is probably associated with the particulate envelope fraction of the bacteria by hydrophobic, rather than ionic, interaction.
NADH
To determine the location of the enzyme within the cell envelope, the inner (cytoplasmic) and outer membranes of L. enzymogenes were separated by isopycnic centrifugation on sucrose gradients as described in Methods. Figs 1 (a) and 1 (b) show the separations obtained with and without lysozyme treatment of the cell-free extracts. The profiles are very similar, indicating that lysozyme treatment is not required for the successful separation of the cell envelope components from L. enzymogenes. The gradient profiles were divided into three fractions : OM 1, tubes 4-8; OM2, tubes 9-12; and IM, tubes 16-21. These tubes were subjected to further analysis. The enzyme activities, protein and KDO concentrations are listed in Table 2 and the separation of the proteins by PAGE is shown in Figs 2 and 3. NADH oxidase was used as a marker enzyme for the cytoplasmic membrane and Table 2 shows that the cytoplasmic and outer membranes have been separated, although some NADH oxidase appears to contaminate the outer membrane fraction. This contamination is probably due to nonspecific association of NADH oxidase with outer membrane components during the 30 min incubation of the extract before the sucrose gradient separation. This association appears to be temperature-dependent since the contamination was greatly increased when the incubation was carried out at 37 "C, the maximum growth temperature for L . enzymogenes. The phosphatase was associated primarily with the densest component in the gradient and this also contained the highest KDO concentration. Therefore, the phosphatase is associated with the outer membrane of L. enzymogenes. The values given in Fig. 1 for fractions 4-12 are largely due to turbidity. The peak at tube 10 (Fig. 1 a) and tube 9 (Fig. 1 b) coincided with a whitish band in the gradient and the amount of material in it varied significantly from experiment to experiment. This material is most likely to be poly-P-hydroxybutyrate, which we have found to be present in this organism. Fig. 2 shows the electrophoretic separation of the proteins from fractions OM l,OM2 and IM recovered from the sucrose gradient of Fig. l(a) , and from the MgC12 extract and shock fluid. The samples put on the gel were all treated with SDS, 2-mercaptoethanol and heat. Ten to twelve major proteins were present in fraction OM 1. Corresponding bands, although less intense, were present in fraction OM2. The cytoplasmic membrane fraction (IM) contained few unique major protein bands but a large number of minor ones. Some of these may be due to contamination from the outer membrane, however. The MgC1, extract and the MgCl, shock fluid contained proteins which appear to be major outer membrane proteins. Fig. 3 . PAGE of samples containing active alkaline phosphatase. Electrophoresis was done in the presence of SDS, but 2-mercaptoethanol was not added and the heat treatment was omitted. The samples and the amounts of protein in each lane were: (1) and (4), 92 pg cell-free extract; (2) and (9, 24 pg OM1 ; and (3) and (6) 18 yg IM. Lanes (I), (2) and (3) were stained for phosphatase activity and lanes (4), (5) and (6) for protein. The electrophoretic mobilities of the major protein bands and the phosphatase band in this figure and in Fig. 2 were reproducible from experiment to experiment.
We were unable to reactivate the phosphatase after heating in the presence of SDS. Therefore, a modified procedure was used to obtain enzyme activity after SDS-PAGE. All samples put on to the gel were previously treated with 1 % SDS but not with 2-mercaptoethanol and heat. Fig. 3 shows the electrophoretic separation of the cell-free extract, OM1 and IM proteins. The samples were applied in duplicate so that both activity staining and protein staining could be carried out.
A single heavy band of phosphatase activity was found in the cell-free extract and the outer membrane sample, and a single minor band in the cytoplasmic membrane fraction. Good separation of the proteins was obtained and the phosphatase activity appeared to coincide with one of the major protein bands. As expected, the separation of the proteins of the outer and cytoplasmic membranes was quite different when the samples were not heated with 2-mercaptoethanol ( Fig. 3 compared to Fig. 2) .
Approximately 60% of the cell-associated phosphatase could routinely be recovered in the outer membrane fractions. The remainder was discarded with the supernatant of the preliminary sucrose gradient centrifugation. It was probably associated with small membrane fragments. Since there was no evidence for more than one phosphatase most, if not all, of the cell-associated phosphatase is located in the outer membrane of L. enzymogenes.
The method used to isolate membrane components was a modification of that reported by Hancock & Nikaido (1978) for Pseudomonas aeruginosa. There was some doubt as to whether a method used for a different organism would be successful with L. enzymogenes since its cell surface is very convoluted (unpublished observations), and the cell envelopes of gliding bacteria might be expected to differ from those of non-gliding organisms. The relatively large number of proteins in the outer membrane of L . enzymogenes is a major difference between this organism and P . aeruginosa. The separation of the outer and inner membranes was unlike that reported for Myxococcus xanthus, another gliding bacterium, which has an outer membrane which is less dense than the inner membrane (Orndorff & Dworkin, 1980) .
The cell-associated phosphatase of L. enzymogenes is a hydrophobic protein and is probably associated with the outer membrank components by hydrophobic interaction. This is an unusual location for alkaline phosphatase in Gram negative organisms. Generally the outer membrane has little enzyme activity, although the presence of a few enzymes such as phospholipase and a protease has been firmly established and some may be located there temporarily while being excreted (Lugtenberg & Van Alphen, 1983) . In Capnocytophaga spp., anaerobic gliding bacteria, a large proportion of the acid and alkaline phosphatases are associated with the outer membrane. Substantial amounts of these enzymes are also located in the periplasm and in membrane vesicles (Pokier & Holt, 1983a, b) . In contrast, M . xanthus has a cell-associated phosphatase which has been reported to be present on the external surface of the cytoplasmic membrane and in the periplasm (Voelz & Ortigoza, 1968) , and in Cytophuga johnsonae, also a gliding organism, the phosphatase is cell-associated but readily solubilized upon cell disruption. It is probably a periplasmic enzyme. Similarly, in E. coli the alkaline phosphatase and other hydrolases are periplasmic in nature (Neu & Heppel, 1965) . The phosphatase in P . aeruginosa is a hydrophilic protein and it seems to interact with the outer membrane by ionic forces (Cheng et al., 1970a). The enzyme is thought to be attached to the inside of the outer membrane, but, depending on culture conditions, a large proportion of the enzyme may be excreted into the medium (Ingram et al., 1973; Poole & Hancock, 1983) .
The localization of extracellular enzymes in the cell envelope, especially in the outer membrane, is poorly understood (Silhavy et a!., 1983; Lugtenberg & Van Alphen, 1983) . Therefore, further study of the chemical and physical properties of the cell-associated phosphatase of L. enzymogenes, its interaction with outer membrane components, and how it compares with periplasmic enzymes of related organisms and with the excreted L. enzymogenes phosphatase, may contribute to a better understanding of protein localization and of transport through the outer membrane of Gram negative organisms. 
